Various carbonaceous fuels were evaluated in a Direct Carbon Fuel Cell (DCFC) system as energy sources. In order to investigate the characteristics of electrochemical reaction of various fuels in DCFC, three coals, such as Shenhua coal, Adaro coal, and Openblue coal which have different content of fixed carbon and volatile matter, were selected in this research. The characteristics of electrochemical reactions of fuels were investigated at 700℃ by potentiostatic method of the fuel cell and the effect of fuels properties is also discussed. The effect of gases from coals was investigated by using raw coal state and char state in present work. The gases, such as H 2 , CH 4 , CO and CO 2 , were detected in the exhaust gas of anode side by thermal decomposition of coal. It is confirmed that these gases have an effect on the electrochemical reaction on DCFC system by comparing of current density of raw coal and char.
I. INTRODUCTION
According as the amount of fossil fuel increases, the exhaustion of resources and the environmental pollution have emerged as a serious problem in the world. Many researchers make a lot of effort such as increasing efficiency and developing technique of reducing pollution in existing coal thermal power generation, but these solutions are limited. The fuel cell, one of the alternative power generations, has come into the spotlight due to high efficiency and eco-friendly. The high temperature fuel cell which has the advantage of not using metal catalysts and high efficiency has been focused as a technology to replace the existing thermal power generation, especially [1] .
The Direct Carbon Fuel Cell (DCFC), one of the high temperature fuel cell, has been investigated by many research groups. The DCFC that uses solid carbon directly has been investigated by many research groups because of dramatically high efficiency. The performances of this fuel cell depend on the characteristics of electrochemical oxidation reaction of carbonaceous fuel as anode. The DCFC has a definite advantage of fuel flexibility such as coal, biomass, wastes, etc.
[1]- [4] .
Many research groups have studied the DCFC based on the molten carbonate fuel cell to produce electricity in the fuel. Vutetakis et al. [5] studied the electrochemical reactions according the coal types and the operating conditions. Li et al. [6] - [8] investigated the impact of fuels characteristics on the DCFC performance.
This work focuses on the correlation fuels characteristics and electrochemical reactions in the DCFC system. To investigate the effect of various fuel properties in DCFC, three different rank coals and chars (Shenhua coal, Adaro coal, and Openblue coal) were selected in this research. The chars were carbonized to remove volatile matter. The potential and the power density of each fuel were measured for performance comparison in DCFC system. The characteristics of fuels such as thermal reactivity, specific surface area, pore volume, and functional groups on the fuel surface were analyzed through four analysis method; TGA (thermogravimetric analysis), BET (Brunauer-Emmett-Teller test), and XPS (X-ray photoelectron spectroscopy). Moreover, the influence of gases generated in fuel pyrolysis was investigated by using raw coal state and char state. The correlation of these properties and electrochemical reactions was discussed by means of i-V, i-p and EIS.
II. EXPERIMENT

A. Preparation of Sample and Analysis of Coal Characteristics
To compare fuel characteristic and electrochemical oxidation reaction, three coals (Shenhua coal in bituminous, Adaro coal and Openblue coal in sub-bituminous) were selected as different carbon content fuel. All fuels were sieved to 2~3mm particle sizes. The moisture out of all samples was driven at 110℃ for 30 min. TCOhe raw coal samples were carbonized from room temperature to 700℃ as 10 ℃/min of heating rate under Argon gas. After carbonization, the furnace was cooled to room temperature in Argon gas.
The carbonaceous solid fuels were used in the DCFC based molten carbonates. This fact results in importance of the fuel analysis because the solid fuel was used instead of H 2 gas in other fuel cells. Therefore, the fuel analysis was performed to investigate the relation between fuel properties and the oxidation reactions [9] , [10] . All fuel samples were conducted by proximate analysis and ultimate analysis and shown in Table I . The proximate analysis was conducted by TGA (SDT-Q600, TA instrument) using a standard American Society for Testing and Materials (ASTM). Significant fuel properties, such as the thermal reaction, the crystallinity, the specific surface area and the surface functional groups, were analyzed by various methods of Thermo-gravimetric Analysis (TGA), Gas adsorption (BET), X-ray Photoelectron Spectroscopy (XPS). 
B. DCFC Experimental System
In this paper, the experiment was consisted of half-cell part and performance evaluation part of DCFC system [9] , [10] . Fig. 1 shows a schematic diagram of half-cell of DCFC. The electrolyte was dried at 110℃ for 30 min and mixed with 62:38 ratios of Li 2 CO 3 and K 2 CO 3 . In each experiment, the fuel and electrolyte were used in 46g and 460g, respectively. Three electrodes made from silver were used as the working electrode, the counter electrode, and the reference electrode, respectively. The current density and power density were calculated on considering the effective area of working electrode (1.34 cm 2 in the standard cell). The counter electrode and the reference electrode were separated from fuels by the alumina tube. Before reaching the operating temperature, the part of the working electrode was injected with Ar (150 ml/min) and the counter electrode and the reference electrode were filled with CO 2 (50 ml/min). After that, a mixed gas of O 2 (25 ml/min) and CO 2 (50 ml/min) was fed into the counter electrode and the reference electrode at keeping stable OCV. Fig. 2 shows TG results with respect to raw coal and char state under Ar conditions. This figure represents reaction of solid fuel with increasing temperature. In the case of char state, weight of three char was decreased between 600℃ and 700℃.
III. RESULTS AND DISCUSSION
A. Fuel Properties
The weight loss by thermo-decomposition is within 5%. Judging from this result, the carbon of char fuels almost remain solid phase. On the contrary, the raw coals show the weight change from 300 ℃ . The volatile matter of coal eliminated through thermal decomposition process. After reaching 700℃, weight variation of coals change 1 -2% during 1 hour. This is similar to the char TG results. Based on these results, to correlate fuel properties and electrochemical reaction at operating temperature, char properties should be used for accurate analysis instead of raw coal. The electrochemical reaction is correlated to physical characteristics of fuel surface. The physical characteristics were shown in Table II from BET method. The results show the surface area, total pore volume and mean pore diameter of each fuel. In the raw coal state, the Shenhua coal had the maximum surface area and pore volume of 6.1183 m 2 /g and 0.005088 cm 3 /g, respectively. After volatilization process, the Openblue char had the highest surface area and pore volume due to much volatile matter. The mean diameter of each fuel was decreased, which indicates that the microporous was increased. Among the three coals, the Adaro coal showed the highest mean diameter of pores in raw state and char state. The gasification process changes not only the surface texture but also the surface functional group. XPS experiments were performed to analyze fuel component of the surface functional groups. The results were summarized in Table III. All samples had C, O, Si and Al in common. In the case of coals, the Openblue coal showed the most C content and Shenhua coal had the least C content on fuel surface. The O content of the fuel surface was an opposite to the C content. In the char state, the O/C rate of the Adaro char was the highest surface oxygen content 25.26%, while the Openblue char shows the lowest value 11.3%. The ratio of total oxygen to carbon (O/C) indicates the degrees of surface functional groups. The highest O/C ratio on the surface of the Adaro char may enhance the performance of DCFC system due to much surface functional groups. Fig. 3 and Fig. 4 indicated the i-V curves and i-p curves of three coals and chars at same experimental conditions. The OCVs of each char were similar results (approximately -0.98 V). The electrochemical reaction in the DCFC was usually divided into three polarizations; Activation polarization, Ohmic polarization, and Concentration polarization. The activation polarization is caused by energy level to activate fuel and electrolyte [11] . This is retarding factor that has an effect on all electrochemical reactions but is dominant at low current density. However, i-V curves of the Adaro char and Openblue char have different shapes. In the activation polarization region (from OCV to -0.5 V), the potential of raw coal state and Shenhua char tend to similarly decrease in activation region. In the case of the Adaro char and Openblue char, the curves drop almost linearly from OCV to 0.1 V. This type of polarization behavior is more complex. The linear polarization is caused by the production of CO and CO 2 gas bubbles from the coal particle [11] . These bubbles affect overall to lower mass transfer limitation and increase resistance. The potential of Openblue coal was sharply decreased and followed by Shenhua coal, and Adaro coal at the high current density region. The maximum power densities of Adaro char, Shenhua char, and Openblue char were showed 51.06, 35.02, and 31.46 mW/cm 2 . Fig. 4 shows the power density and potential of three raw coals according to current density at 700℃. The OCVs of raw coals were similar to char state. The maximum power densities of Adaro coal, Shenhua coal, and Openblue coal were presented as 67.89, 49.7, and 51.13 mW/cm 2 , respectively. In the case of Openblue coal which has the highest content of volatile gas, the maximum power density shows improvement of 20 mW/cm 2 in raw coal state. Through comparing results of raw coals and chars, the performance of carbonized coals was only affected by the fixed carbon and the specific area without influence of generated gases. From these results, it could be concluded that the gases produced in the pyrolysis process affected the overall performance. 
B. Characteristics of Electrochemical Oxidation Reaction
C. The Effect of Fuel Properties on Electrochemical Reaction
Through the previous studies, the performance usually depends on surface area because of enlarged reactive region. Weaver et al. [12] suggested that the large surface area and poor crystallization have effects on the high performance. In contrast, Cooper et al. [13] reported that the reactivity doesn't depend on the surface area. In the char properties, the Openblue char shows the highest surface area, but the performance is the lowest. Because the surface area of Openblue char mainly consists of micropores. This means the micropores do not effect on performance because electrolyte can't pass through micropores. Therefore, it must be considered not only the surface area of fuel but also mean diameter of pores.
The specific surface area and pore volume of fuel samples had a connection with contacting possibility with electrolyte. In previous studies, the performance generally depends on surface area because of enlarged reactive region. From the BET results (Table II) , the Openblue char is expected much higher performance than the Adaro char and Shenhua char. However, the maximum power density of Openblue char is the lowest value (31 mW/cm 2 ) shown in Fig. 4 . The existence of a narrow pore size of fuels makes the entry of the electrolyte into the pores more difficult. The non-accessible pores do not contribute to the electrical double layer between carbon and electrolyte. Therefore, the Openblue coal has lower performance than expected. In other words, the performance of DCFC system depends on the pore size distribution as well as the specific surface area.
The ratio of total oxygen to carbon (O/C) indicates the degrees of surface oxidation of carbon and the surface functional groups including oxygen. The atomic concentrations of carbon and oxygen on the fuel surface obtained by XPS are shown in Table III . From the XPS results, the Adaro char has the highest surface oxygen content, while the Openblue char shows the lowest value. In spite of the insufficiency of the carbon concentration, the higher oxygen to carbon rate of Adaro char promote the electrochemical reactions [8] - [11] . Since Openblue char had low amount of oxygen, the potential cannot be maintained at the high current density which requires a lot of electron transfer. This result shows good agreement with the maximum power density of chars.
As shown by the study of surface chemical properties, The Adaro char had the highest surface functional groups and this means a large number of free reactive sites [3] . This is important to understand the enhanced anodic discharge rate in the DCFC tests. The high surface oxygen groups such as the carbonyl groups contribute to increase capacitance [14] . The additional formation of CO and CO 2 from dissociation of surface functional groups could increase the performance of system. Using the coal as fuel of DCFC has higher performance than graphite particle which consist of 99% carbon due to facilitation the electrochemical oxidation of the solid carbon [15] . The more surface oxygen groups also enhance the wettability between the surface of carbonaceous fuels and electrolyte. Because of this reason, the resistance of DCFC system is decreased. Therefore, the Adaro chars present much higher performance than the other chars in the DCFC system. As discussed previously, the ratio of total oxygen to carbon that is surface functional groups containing oxygen is affected by the electrochemical reaction of char more than the surface area in DCFC [16] , [17] .
D. Fuel Gasification
Through the results of char and raw coal, the raw coal showed the higher performance due to volatile gases. The gases produced from fuels are important to predict performance because partial pressure has a direct influence on the potentials. T. Siengchum et al. investigated the performance of solid carbon, H 2 , CO, and CO 2 based on SOFC [18] . They reported that solid carbon fuels show the lowest performance in comparison with H 2 , CO, and CO 2 . They also researched that the addition of the CO 2 increased CO formation and maximum power, which indicated the coupling of Boudouard reaction and CO electrochemical oxidation.
The solid carbon is reacted with carbonate ion as following (1) and generated electron on the DCFC.
Furthermore, CO, H 2 , and CH 4 produced from fuel can also improve performance because these gases were used as fuel in other fuel cell in previous research as following (2) (3) (4) . [18] , [19] .
To describe gas compositions of Anode electrode, the three samples were analyzed with molten carbonate using a gas chromatography. The gasification equipment was used to conduct the atmospheric pressure in Ar condition to evaluate the gasification at same condition of Anode side. Fig. 5 showed the experimental data of H 2 , CH 4 , CO, and CO 2 from gasification of 5g raw coals and 30g Li-K carbonate mixture with increasing temperature.
In testing mixture of fuel and electrolyte, gases were not extracted from the fuels. Above 350℃, CO 2 was produced and the other gases were extracted in the order of H 2 , CO, and CH 4 according to increasing temperature. All fuels generated the each gas at almost similar temperature and trend. H 2 was generated over 400℃ and continuously increased until 800℃. The small amount of CH 4 was produced over 550℃ compare to other gases. Among the three coal, CH 4 volume percent of Openblue increases to 5 vol% at 650℃ then decreases to 800℃ reaching almost 3 vol%.
According to the test of gasification of coal and electrolyte, CO 2 was produced from 350℃ and increases until 650℃. Among the samples, CO 2 of Openblue coal was the highest and increased to reach about 14 vol%. After temperatures rising up to 650℃, CO 2 formation rate of three fuels decreases. One possibility of this CO 2 formation may be due to the Boudouard reaction which is the redox reaction of a chemical equilibrium of carbon monoxide and carbon dioxide according to temperature. Above 650℃, the CO concentration was increased, on the contrary, the CO 2 concentration was decreased with temperature. These results corresponded with the reverse Boudouard reaction (CO 2 + C → 2CO) that CO 2 is dominated the product of carbon oxidation at anode under 650℃ and CO is the dominant product higher than 650℃. CO 2 volume percent of all samples was steady from 700℃ in Fig. 5 , the constant behavior could be described as the self-decomposition of electrolyte. As reaching to the melting temperature, carbonates melts and the self-decomposition reaction of carbonate ions takes place:
These decomposition processes of carbonates electrolyte is categorized as products: one is generation of CO 2 given by (5) . The other case is characterized by the generation of CO through an intra-molecular redox process, as has been shown in the case of alkali or alkaline earth carbonates in the literature [20] . The carbonate decomposition which leads to the CO formation given by (6) is initiated by intermolecular electron transfer from a reducing agent to CO 3 2-.
Another reason of the trend of CO and CO 2 is because the carbon and electrolyte were generated carbon monoxide than carbon dioxide. The electrolyte of alkali metal carbonate was used as catalyst at coal gasification. The metal carbonates melt at a lower temperature and provide a gas-phase metal. Gas-phase metal which is a strong base reacts with CO 2 to produce CO [21] .
From the gasification results with molten carbonate in our DCFC system, the composition of CO gas is same level with to the amount of CO 2 at operating temperature. Considering CO production, the alternative electrochemical mechanism was proposed at high temperature in molten carbonate [8] . C + CO 3 2-→ CO + CO 2 + 2e - (7) At the operating temperature, the amount of whole gases produced from Openblue coal has the highest volume percent compare to other coals. This is a good agreement with the highest improvement of performance of the Openblue coals. This result which is relationship between the amount of whole gases and DCFC performance indicated that operating the DCFC in three raw coals produced H 2 , CH 4 , CO, and CO 2 , and these gases affect to the DCFC performance.
IV. CONCLUSION
The three coals which have different content of fixed carbon and volatile matter were investigated for electrochemical reaction and the effect of fuels properties at 700℃. The relationship between electrochemical reactions and fuel properties was found that the volatile matter, specific surface area, pore volume, and oxygen functional groups on the surface were considered the effect on the performance of DCFC. The ratio of oxygen to carbon on fuel surface which means the surface functional groups containing oxygen influence the electrochemical reactions of solid fuel. The pore size distribution has a significant effect on electrochemical reaction more than the specific surface area.
The DCFC performance was affected by volatile gases. The effect of gases was investigated comparing the performance raw coal and its char. The OCV, maximum power density, and maximum current density were increased on account of existence of volatile gas. Among three coals, the Openblue coal showed the highest improvement of performance like 20mW/cm 2 of maximum power density. Therefore, the released gases during gasification process such as H 2 , CH 4 , CO, and CO 2 had an effect on OCV, maximum power density, and maximum current density of DCFC system. The trend of CO and CO 2 of gasification results is because CO 2 was consumed by the reverse Boudouard reaction (CO 2 + C → 2CO) and the carbon and carbonate ions were generated carbon monoxide than carbon dioxide over 600℃.
